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Abstract. We estimated the source-receptor relationshipof surface @, domestically created £wvas the main contrib-

for surface @ in East Asia during the early 2000s using utor in most areas of East Asia, except for the lowdlass

a method that tags £tracers according to their region of (<30 ppbv), and accounted for more than 50% in the very
chemical production (tagged tracer method) with a globalhigh O3 class &90 ppbv). The mean relative contribution of
chemical transport model. The estimation demonstrated th®s created in China to ®in central Japan was about 10%
importance of intracontinental transport of @hside East in every class, but that created in the Korean Peninsula was
Asia as well as of the transport ofs3@rom distant source significant in all except the low ©class. We identified the
regions. The model well simulated the absolute concentrasubstantial impact of foreign sources on Japan’s ambient air
tion and seasonal variation of surfacg @ East Asia and quality standard in the high{3Xlass (60-90 ppbv) in spring.
demonstrated significant seasonal differences in the origin of
surface @. In the cold season (October to March), more
than half of surface ®in East Asia is attributable to thesO 1
transported from distant sources outside of East Asia. In the
warm season (April to September), most of the surfage O Tropospheric ozone (§) near the Earth's surface can be a
is attributable to @ created within East Asia in most areas harmful atmospheric po”utant since h|gh levels Oj &n

of East Asia. In spring the contribution of domestically cre- have detrimental effects on human health (US Environmen-
ated @ accounted for 20% of the surface; @ Japan and  ta| Protection Agency (US EPA), 2006) and cause biochem-
the Korean Peninsula, 40% in the North China Plain, andicai damage to piantS, reducing the primary productivity of
around 50% in the southern part of China, and the domestig|ants and crop yields (Kobayashi, 1999; Wang et al., 2005;
contribution increased greatly in summer. The contributionsys EPA, 2006). It is now well established that the concen-
of Oz created in China and the Korean Peninsula til©®  tration of surface @in a given region is controlled through a
Japan were estimated at about 10% and 5%, respectively. Walance between transport from outside of the region, includ-
also demonstrated a large contribution (20%) from China toing other continents and the stratosphere, dry deposition onto
the Korean Peninsula. In the northern and southern parts q:he Surface, and photochemica| reactions’ in\/o]ving nitro-
China, large contributions of over 10% from East Siberia andgen oxides (NQ = NO+NO,), carbon monoxide (CO), and
the Indochina Peninsula, respectively, were identified. Theyolatile organic carbons (VOC) on a local and regional scale
contribution from intercontinental transport increased with (Brasseur et al., 1999; Stevenson et al., 2006; Wild, 2007).
latitude; it was 21% in Northeast China and 13% in Japan|ntense emissions of these precursors @f(X, CO, and

and the Korean Peninsula in spring. As for the hourly meanyQCs) from industrial activities, electrical power generation,
and road transportation cause photochemical smog around
big cities and industrial regions. Japan experienced severe
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improvement of the air quality in the subsequent decade dustudies focus on the intercontinental transport gb®tween
to the enactment and gradual reinforcement of regulationshe highly populated and industrialized regions in the mid-
against emissions of £precursors. Since then, concentra- latitudes of the Northern Hemisphere, i.e., North America,
tions of non-methane hydrocarbons (NMHCs) over JaparEurope, and Asia, and pay little attention to the intraconti-
have been continuously decreasing, and(d@ncentrations  nental transport of @
remained almost constant during the 1980s and 1990s, fol- There are a few studies addressing the S-R relationship
lowed by a decrease after 2000 (MOE Japan, 2008). In spitéor Oz in Asia. For instance, Li et al. (2008) studied source
of these facts, long-term monitoring data shows that the surapportionment of @ observed at Mt. Tai in central east-
face concentration of £in Japan resumed its increase in the ern China during a field campaign carried out in June 2006
mid-1980s and has continuously increased until the preseniKanaya et al., 2009) using a regional chemical transport
time (Ohara and Sakata, 2003). This increase in surface Omodel. They estimated contributions from defined source re-
has been observed over almost the entirety of Japan, includgions, which are closely partitioned within China, to thg O
ing remote monitoring sites located on mountains or islandsamount at Mt. Tai. However, a one-month estimation at only
where no major sources of;(orecursors exist (Ohara and one particular receptor point cannot provide the whole pic-
Sakata, 2003; Tanimoto, 2009). These observed features afire of the S-R relationship for £3n the East Asian region.
air quality in Japan strongly suggest that the recent increas&he S-R relationship for acidifying species over a longer
in O3 cannot be solely attributed to local pollution as in the timeframe has already been estimated for sulfur deposition
early 1970s but is influenced by the transport gff@m out- (Carmichael et al., 2002; Lin et al., 2008), but fog,@uch
side of Japan. estimations of the S-R relationship have yet to be reported.

Regarding other East Asian countries, researchers have In this study, we estimated the S-R relationship fay, O
observed an increasing trend ig Gncentration in mainland  in particular for surface § in East Asia based on a previ-
China, Hong Kong, and Taiwan (Chou et al., 2006; Lu andous study by Sudo and Akimoto (2007), which demonstrated
Wang, 2006; Chang and Lee; 2007, Xu et al., 2008; Wanghe significant role of intercontinental transport of @n the
et al., 2009), implying that the increase in @ an issue for  global distributions and budgets of tropospherig, @sing
the entire East Asian region. The estimated increase in anthe tagged tracer method with a global chemical transport
thropogenic emissions of{precursors in East Asian coun- model. Our current study further investigated contributions
tries during the last two decades (Ohara et al., 2007), whiclrom various source regions to the East Asiana@ncentra-
was also inferred from the space-based measurement of aibns, taking into account both the intracontinental and the in-
increase in tropospheric column NQRichter et al., 2005;  tercontinental transport of £ We performed the estimation
Irie et al., 2005), is likely a major cause of the observed in-based on a multiyear simulation over the early 2000s, using a
crease in East AsiangO However, the influence of £pre-  global-scale chemical transport model with the tagged tracer
cursors emitted in regions outside of East Asia and of stratomethod, to obtain an averaged picture of the S-R relationship
spheric Q on the observed increase in East AsiansDould  for O3 in recent years. In the next section, a brief description
not be ruled out because sufficient knowledge of the rela-of the model and experimental method are presented. The
tive importance of each source region of Gn the amount  model simulation is evaluated against observations at surface
of Oz over the East Asian region is unavailable. Therefore,monitoring sites, and the simulated contributions from vari-
before discussing the causes of the recent increase in Easus source regions are then discussed in the Results section.
Asian 03, quantitative estimation of the amount of @atis  The difference in estimated contributions, depending on the
transported into East Asia from outside sources as well as thelass of hourly surface £concentrations, is also discussed
amount of @ transported intracontinentally among the East in the Results section.
Asian countries is required.

Such quantitative estimations of the proportion af@er
a receptor area that can be attributed to a source regiorg Methods
the so-called source-receptor (S-R) relationship fgri@ave
been widely studied (Wang et al., 1998; Jacob et al., 1999 There are two major approaches used to quantify the con-
Wild and Akimoto, 2001; Fiore et al., 2002; Li et al., 2002; tributions of the source regions ofs@o the amount of @
Derwent et al., 2004; Wild et al., 2004; Auvray and Bey, in a receptor area. One is the emission sensitivity approach,
2005; Sudo and Akimoto, 2007). Moreover, the United Na- which performs two simulations: a perturbed run with and a
tions Economic Commission for Europe (UNECE) Conven- standard run without a perturbation in the @ecursor emis-
tion in Long Range Transboundary Air Pollution (CLRTAP), sion, respectively, of the designated source region or source
the Task Force on Hemispheric Transport of Air Pollution sector, to obtain the contribution of that source t9 i@ a
(TF HTAP) (Keating and Zuber, 2007; Fiore et al., 2009) receptor region by taking the difference of calculatech®-
has been conducting an internationally coordinated effort tatween the two runs (Jacob et al., 1999; Wild and Akimoto,
quantify and estimate uncertainties in the S-R relationship2001; Wild et al., 2004; Fiore et al., 2009). The second
for O3 and other air pollutants. However, many of these approach is the tagged tracer method, which calculates the
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distribution of hypothetical @tracers, each of which is al- about 40 km with 32 vertical layers. The model calculated
lowed to be chemically produced only inside its designatedthe concentrations of 53 chemical species through 27 pho-
source region. Then, the concentration of eacht@cer tolysis and 113 chemical reactions, representing a detailed
tagged by its source region represents the contribution of thatropospheric chemistry involving thes@HOx-NOy-CHy-CO
source region. This method has been used in many studiesystem and oxidation of NMHCs. The model also included
addressing a wide variety of issues using both global and rethe sulfate formation process with gas and liquid phase oxi-
gional chemistry transport models (Wang et al., 1998; Fioredation of SQ and dimethyl sulfide (DMS). A dry deposition
et al.,, 2002; Auvray and Bey, 2005; Sudo and Akimoto, scheme based on the resistance series parameterization of
2007; Li et al., 2002, 2008). Wesely (1989) and two different processes of wet deposition

The emission sensitivity approach estimates the amount ofin-cloud and below-cloud scavenging) were also included.
O3 in a receptor region that is produced by, and is thus atFor dry deposition, we introduced the reduction of deposition
tributable to, the precursors ofs@mitted inside each source at a lower temperature that is described in the original liter-
region irrespective of the location they were chemically con-ature of the parameterization by Wesely (1989) in order to
verted to Q. In contrast, the tagged tracer method calculatesreduce the underestimation of surfacgi®the northern part
the amounts of @in a receptor area that was chemically of Japan. The advective transport of chemical species was
produced inside each source region and then transported tealculated with a fourth-order flux-form advection scheme
that receptor area, inevitably including quantities efé@e-  of the monotonic van Leer (van Leer, 1997) and the flux-
ated inside a source region from precursors emitted in adform semi-Lagrangian advection scheme of Lin and Rood
jacent source regions and transported to that source regiof1996). Vertical transport by moist convection was also con-
Therefore, the S-R relationships for @stimated by these sidered in the cumulus convection process, which is based
two approaches can differ. Li et al. (2008) compared the twoon the Arakawa-Schubert scheme (Emori et al., 2001). The
methods for the contribution of highg@roduction regions  concentrations of @and some nitrogen compounds (NO
in China to the @ concentration at Mt. Tai in June 2006 and HNO3, N2Os) above the tropopause were assimilated into
found that the difference could be as much as 30%. Theythe monthly mean output data of the stratospheric chemistry
concluded that both approaches agreed reasonably well withlimate model. The data for the assimilation was taken from
each other. Although this example does not guarantee conAkiyoshi etal. (2009) for @as it represented the interannual
sistency between the approaches, we decided to employ theariation of stratospheric £1n the last couple of decades and
tagged tracer method in this study mainly because of its comfrom Takigawa et al. (1999) for the nitrogen compounds (cli-
putational efficiency. This study aimed to estimate the mearmatological data).
contributions from many source regions (number of regions In this study, we used two different setups of CHASER:
N > 20) separately with multiyear model simulations. To a full-chemistry setup and a tracer-transport setup. The
achieve this, the emission sensitivity approach required N full-chemistry setup calculated the temporal evolution of the
runs to deduce the contribution of each source region for a&chemical species through the actual chemical-physical proce-
single year, whereas the tagged tracer method requires onlgure as mentioned above whereas the tracer-transport setup
two runs for a single year using the framework described incalculated the temporal evolution of hypothetical ttacers
the following section. with archived chemical tendencies. The detailed calculation

procedure is described in the next subsection.
2.1 Model description
2.2 Tracer tagging

We used a chemistry climate model for the troposphere,
CHASER (Sudo et al., 2002a). CHASER was developedThe tracer tagging method used in this study con-
based on the atmospheric component of a coupled generaisted of two steps (Sudo and Akimoto, 2007). First,
circulation model, MIROC, developed by the Center for Cli- we performed a standard simulation with the full-
mate System Research (CCSR), the National Institute for Enehemistry setup of CHASER to archive 3-hourly mean
vironmental Studies (NIES), and the Frontier Research Cen3D fields of chemical production (P) and loss fre-
ter for Global Change (FRCGC) (Numaguti et al., 1995; K-1 quencies (L) of the extended odd oxygen familyy(©
Model Developers, 2004). The framework of the model is O34+0+0(D)+NOy+2NO3+3N,05+PANs+HNOs-+other
almost identical to that used in a previous study by Sudo anaditrates). We used P and L of thg @mily instead of those
Akimoto (2007), hereafter referred to as SA07. However, of Oz to eliminate the rapid null cycles within the@amily,
to better resolve individual Asian countries, this study usesas in previous studies (Wang et al., 1998; Li et al., 2002;
a finer horizontal grid spacing (T63: approximately°1b§ Fiore et al., 2002). The standard simulation also output the
1.9 in longitude and latitude) than previously used (T42: daily 3D distribution and hourly surface concentration of
approximately 2.8by 2.8), since the aim was to investigate Os, which are hereafter referred to as the “totals. Note
the intracontinental as well as the intercontinental transporthat this Q data is a sum of @ O, and OtD). Since the
of Os. The top layer of the model was set at an altitude of concentrations of O and &) are both negligible in the
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the lapse rate; otherwise, the concentrations of totalrO

the upper troposphere would be overestimated. Hess and
Lamarque (2007) introduced a different procedure to deduce
the stratospheric contribution, which was based on tagging
the tropospheric emission of NQ giving qualitatively
different results from that given by the method employed
in this study. In the Northern Hemisphere, the stratospheric
portion of surface @ obtained using the method of Hess
and Lamarque (2007) is generally smaller than that using
the current method. They argued that their method had some

AN : North Ameia conceptual advantages over the current method, but there
S ; Sauth Anrcs has not been a consensus on which method is better for
255 - Soun fa estimating the stratospheric contribution. The concentration
oA : Cenal Asia of each Q@ tracer tagged via its assigned source region was
D - indate. then scaled so that the sum of all taggesit@acers equaled

KOR - Korean Peinsula the total G output by the standard simulation. The resultant
e ¢ Semctaapan concentration of each taggeds @acer at a given location

IDC  Indochina, Thaand, and Phiippines represents the contribution ofsQhat was created in each

ANZ  Australia and New Zealand source region and transported to that location.

NAT & Nonts et oesn For the tracer tagging, we separated the model domain into
AUS  Cosana nhe 1. andAnarcta 45 regions, which included 22 regions both in the planetary

boundary layer (PBL) and in the free troposphere (FT), as
Fig. 1. Horizontal definition of source regions used to tagt€c- shown in Fig. 1, as well as one whole stratosphere. As to the
ers. This horizontal separation is applied for both the PBL and theyertical classification between the PBL and the FT, SA07 de-
FT. The East Asian region is expanded for clarity. Marked solid fined the PBL as the six lowermost layers in the model (sur-
squares anq letters next to them ipdicate the locations for. Whid\‘ace to about 750 hPa), based on the observed and modeled
g:]eo\z(r)lniwnplazlirésozns between observations and model calculations A rtical profiles of @ production. We adopted the same pro-

T cedure to separate the PBL from the FT. We applied the same

horizontal separation of source regions depicted in Fig. 1 in

the PBL and the FT. This horizontal separation was differ-
troposphere compared to that og,Qve refer to the output ent from that applied in SA07, in which different horizon-
data as @ for the sake of brevity. The standard simulation tal separations for the PBL and the FT were employed and
was then followed by a second simulation, which used themost of the oceans and East Siberia were assigned to one
tracer-transport setup of CHASER. In the second simulationsource region. In this study, since special focus was placed
we calculated the temporal evolution of the hypotheticgl O on the intracontinental transport oknside East Asia, we
tracers, each of which was assigned to a particular region irfurther separated the source regions in East Asia; the Ko-
the model domain (Fig. 1). The assignment of a tracer torean Peninsula, the Sea of Japan, and the East China Sea
each region was done in the following manner. The transporivere separately defined. We also set source regions for the
and dry deposition of each tracer were calculated in theNorth Pacific Ocean and the North Atlantic Ocean separately
same way as in the standard simulation, but the chemicabecause our pilot simulation showed that both regions had
evolution of tracers was calculated using the archived P anthon-negligible contributions to the East Asian surfage@d
L of Ox. Each Q tracer could be lost chemically at the should be considered independently of each other.
frequency of L everywhere in the model domain, but it could
be produced chemically only inside its assigned source2.3 Experimental design
region. In the stratosphere, the concentration gftacer
assigned to the stratosphere was assimilated into the sam&e modeled simulations for six years from 2000 to 2005.
stratospheric @data as used in the standard simulation, butThe model meteorology (horizontal wind velocities and tem-
those of the tracers assigned to the region in the troposphengerature) was assimilated into the National Center for En-
were all set to zero. In SA07, thesQracer assigned to vironmental Prediction/National Center of Atmospheric Re-
the stratosphere was assimilated only above 55 hPa altitudsearch (NCEP/NCAR) 6-hour reanalysis data (Kalnay et
to avoid the non-negligible contribution of 30and the al., 1996) of the corresponding year. Sea surface temper-
precursors transported from the troposphere to the lowerture and sea ice data used in the model were taken from
stratosphere. However, we did not employ that procedurehe Hadley Centre’s Sea Ice and Sea Surface Temperature
in the present study. Instead, we assimilated thar@cer  data set (HadISST) (Rayner et al., 2003). For the first
assigned to the stratosphere over the tropopause defined lsgep of the full-chemistry calculation, we used the following
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Zugspitze-Schneefernerhaus Issyk-Kul Niwot-Ridge-Saddle Pallas-Sammaltunturi of the world. For Q precursor emissions from biomass

( L1E 47N 2656m ) (77E 43N 1640m ) (106W 40N 3538m ) ( 24E 68N 560m )
——T T

%© burning, we adopted vegetation fire emission data compiled
@ for the REanalysis of the TROpospheric chemical compo-
50 . H
LK R kg DUBEREES sition over the past 40 years project (RETRO) (Schultz et
g T e e ) e 28 al., 2008) for the whole land area. Note that REAS emis-
T A S ONDIFMAN JASONDIFMANY I ASONDIFMANT I ASOND sion data for each year from 2000 to 2005 was available
T R R A o but EDGAR3.2 FT2000 and RETRO data for the year 2000
g% I i was used for every year. We also considered natural sources
- 60 1 ar 60 ) i .
o§§ 1 :A by s B ﬂj’%@wig of NOx from soil (5.5 TgN/yr) and lightning (3.3 TgN/yr).
3 a7 e B | SR 2 s Large biogenic emissions of isoprene (400 TgC/yr) and ter-
O EMAN T T ASOND I FMAN T 3 ASOND I FMAMI 3 ASOND I FWAMI JASOND penes (100 TgC/yr) were used following SA07. We took the
Mauna-Loa Trinidad-Head Tudor-Hill Angra-do-Heroismo v e e . . . .
100 LS 2ONSITm) (126w 41N 120m) (B5W 32N 30m) (23N TIm) initial condition of the simulation from a 5-year integration
90 90
g% & using CHASER with constant boundary conditions for the
§ éé §§ yearQZOOO, which was long enough to ol))/tain the equilibrium
3 30 i vl n 30
) g 115 state.
10 pTm - T -~ 10
0JFMAMJJASONDJFMAMJJASONDJFMAMJJASONDJFMAM.‘IJASONDO
Month
H obs. + model (total) —-— model (FT)  ------ model (PBL) model (Strat.) 3 Resu|ts
100 ( 117ENZ1![éV.\I1‘31I524m ) ( 110EMC;‘4nu2a0i5_Sﬂ ) ( 118!‘35‘“a{‘2?41m ) ( 137E’§5‘:§2850‘m_2_'_ 100
— 9o fm o [ i 90 . . .
iw I , & 3.1 Model evaluation with surface @ observations
Rk Hi .
] Ot WL The ability of CHASER to represent the observed concentra-
o | o tions of O; and the related chemical species has been vali-
JFMAMJJASONDJFMAMJJ}ASONDJFMAMJJ‘ASONDJFMAMJJASOND . . . .
100 (1415‘25;\3'40"‘) (1425R3y901\;|260m) (13352;'»4 90m) (128EH§6dl?l6Orn) 100 datEd n prEVIOUS StudIeS (SudO et al., 2002b, SUdO and Aki-
% I moto, 2007). However, we employed a finer horizontal reso-
(e lution than used in previous studies and the emission data of
Tt et i REL) RN L the G; precursors and the driving meteorological field were
e S 3. ~1- o A )
] e e e = updated for the current study. Thus, the current model setup
Kang AN G O TN s, M S of CHASER should be re-validated, particularly against the
7N 150m (126E 33N 72m ) ((142E 27N 230m ) ( 99E 14N 296m 100 . . . . . .
. ® new observations coincident with the period of model simu-
) [ lation (2000 to 2005).
1 ' { NS @ Figure 2 shows the comparison of annual cycles of mod-
1 il ey U Uraletnl 3 eled monthly mean surfaces@oncentrations with observa-
0 = = = 0 . . .
JEMAMIIASONDIEMANIIASOND ) EMAMI JASOND I EMAMI I ASOND tions at 25 selected surface sites whose locations are plot-
f o —} model ot — -~ model ) ------ model (PEL) model (i) ted in Fig. 1. The observations were mainly taken from

the database of the World Data Centre for Greenhouse
Fig. 2. Seasonal variations of the monthly mean surfageod- Gases (WDCGG) (data availabletgtp://gaw.kishou.go.jp/
servations (red filled circles) and model calculations (black circleswdcgg) and the Acid Deposition Monitoring Network in
and thick black solid lines), with contributions from the stratosphere Egst Asia (EANET) (data available http://www.eanet.cc/
(blue solid lines), PBL (black dashed lines), and FT (black dash-product.htm). The G data observed at Chinese mountain
dotted lines), calculated by the model. Monthly means and eaChSites (Mt. Tai, Mt. Hua, and Mt. Huang) by the collabora-
contribution are multiyear (6 years for the model and available Yeargion petween the Frontier Research Center for Global Change

for the observations) averaged values. Vertical bars and boxes de- . .
note the multiyear range of the daily mean surfacgf@ each (A(FRCGC) of the Japan Agency for Marine-Earth Science and

month for the model and the observations, respectively. Model Cal_TechnoIogy (JAMSTEC) and the Institute of Atmospheric

culations are interpolated to the longitude, latitude, and altitude ofPysics (IAP) OT the Chine;e Academy of SCience (CAS)
the location of each site. were made available for this comparison (Li et al., 2007).

For the comparison in the Southeast Asian region, we used

O3 data obtained at Srinakarin, located in central Thailand
emission data sets of {Oprecursors (N@, CO, NMHCs)  (Pochanart et al., 2001). The observation sites for the com-
from various origins. Anthropogenic emission data were parison were chosen to cover the wide longitudinal range of
from the latest version of the Regional Emission inven- Northern Hemisphere mid-latitudes because the ozone origi-
tory in Asia (REAS ver.1.2) (Ohara et al., 2007) for the nating from this region has a large impact on the Asian sur-
Asian region and the Emission Database for Global Atmo-face G (Wild and Akimoto, 2001; Wild et al., 2004; Sudo
spheric Research Version 3.2 (EDGAR3.2) Fast Track 200and Akimoto, 2007). Only the data observed during the sim-
(FT2000) data (Olivier and Berdowski, 2001) for the rest ulation period (2000 to 2005) were compared at each site,
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Table 1. Statistical summary of the comparison between the observed and modeled sy ftaabServational sites shown in Figt. 2

Station Name Mean (Obs) Mean (Model) R MB RMSE
[pPpbv] [Ppby] [ppbv]  [ppbv]

Zugspitze-Schneefernerhaus 49.81 50.08 0.97 0.27 1.61
Issyk—Kul 39.54 40.46 0.91 0.92 2.22
Niwot—Ridge—Saddle 52.76 52.14 0.92 -0.62 2.07
Pallas-Sammaltunturi 33.02 30.70 0.77 —-2.32 4.16
Hohenpeissenberg 41.05 45.59 0.93 454 6.99
Mondy 43.50 40.82 0.83 -2.68 4.44
Mace-Head 37.81 33.57 0.73 —-4.24 5.32
Heimaey 39.75 28.43 0.88 —11.32 11.52
Mauna-Loa 40.15 45.35 0.94 5.19 5.46
Trinidad—Head 30.92 30.69 0.72 -0.23 3.44
Tudor—Hill 39.54 36.51 0.98 -3.03 4.02
Angra—do—Heroismo 29.49 34.78 0.88 5.29 6.37
Mt. Tai 56.18 57.34 0.93 1.17 4.52
Mt. Hua 50.29 57.46 0.91 7.18 8.25
Mt. Huang 47.23 51.95 0.79 4.72 7.25
Happo 55.58 47.18 0.95 -8.40 8.99
Rishiri 41.33 36.31 0.80 -5.02 7.25
Ryori 39.06 41.77 0.92 271 3.77
Oki 43.00 45.69 0.82 2.69 5.21
Hedo 38.42 38.58 0.98 0.17 451
Kanghwa 41.33 48.05 0.89 6.72 7.92
Cheju 36.75 45.95 0.94 9.20 9.54
Ogasawara 28.08 30.74 0.97 2.66 4.00
Srinakarin 27.35 36.53 0.91 9.18 11.03

a All statistics are calculated by use of the multiyear averaged monthly means shown in Fig. 2.

except at Srinakarin where only two years (1999 and 2000PBL while the stratospheric contribution had a peak of about
of available data were used for comparison. 20 ppbv in winter to early spring, accounting for half of the
Table 1 summarizes several statistics of comparison detotal Oz in that time. At Niwot Ridge Saddle, the model ef-

picted in Fig. 2, presenting the annual mean of the observafectively simulated a bulge during July to August in the ob-
tion and model calculation, correlation coefficieRj)(mean  servations. von Kuhimann et al. (2003) reported that their
bias (MB), and root mean square error (RMSE) between theénodel could simulate a similar bulge , but such a bulge was
observations and model calculations. In general, the modehot seen in the observations with which they compared their
successfully represented the seasonal cycle of surfagége O model results. The data they used might have been observed
both polluted and remote regions. TRevalues exceeded 0.7 at the Niwot Ridge C-1 site, which is located about 5 km east
at all sites; in particular, th& values were generally over 0.8 and 500 m lower than the Saddle site. The seasonal cycle of
and even over 0.9 for more than half of the East Asian sitesOs observed at the C-1 site does not display such a bulge in
The values of MB and RMSE demonstrated that the absolutéummer as in the Saddle site data. The available observation
concentration of surface {Ovas simulated within a bias of of surface @ at the Saddle site spanned only 15 months from
10 ppbv in most cases. Some details about individual site§ctober 2003 to December 2004. Therefore, the bulge might

are discussed below. not be a climatological feature but a specific feature in 2004.
Hohenpeissenberg is located close to Zugspitze and shows
3.1.1 Features of surface @in remote regions a distinct broad peak from May to August. The model could

simulate this broad summer peak at Hohenpeissenberg, but
For the remote sites located in inland high-altitude areaghe magnitude of the peak was overestimated by 5 to 10 ppbv
(e.g., Zugspitze Schneefernerhause, Niwot Ridge Saddlehecause the model could not represent the smaller daily mean
and Issyk Kul), the broad summer peak of the surfage O surface @, making the range of daily means for the model
was simulated very well. These summer peaks were mainlynuch narrower than that for the observations. The observa-
attributable to the enhanced contribution of @eated in the  tory at Hohenpeissenberg is surrounded by populated areas
surrounding regions with the leading contribution from the typical of Central Western Europe; thus, it may suffer from
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East Asia and surrounding regions. The belt of the most
dense Qlocated between 3N and 45 N in summer moved
southward during winter and then returned northward in
summer. This latitudinal movement of the enhanced@élt
has also been found in the space-born measurement of tropo-
spheric column @by the Global Ozone Monitoring Experi-
ment (GOME) (Hayashida et al., 2008).
Since the intensity of ultraviolet radiation peaks in sum-
mer and hence the chemical production of &so peaks
in summer, the surfacedver the continental polluted re-
gion reaches a maximum in summer. On the other hand, as
] 2 DIE the North Pacific high pressure system intensifies and ex-
T —— pands westward in summer, the clean, unpolluted maritime
air mass, which contains lesg Qs transported around the
Fig. 3. Simulated seasonal mean surfaeg(fipbv, colors) andwind  rim of the North Pacific High and flows south-westerly into
vectors (m/s, arrows) in East Asia averaged for the 6 years of theEast Asia. The competition between the influences of these
calculation period. continental and maritime air masses results in several types
of seasonal cycles of surfaces@ East Asian countries.
The seasonal behavior of troposphericdver East Asia has
the influence of the NO-titration effect, which cannot be re- peen well documented and analyzed in previous studies (e.g.,
solved at the horizontal resolution of the current model. Pochanart et al., 1999; Naja and Akimoto, 2004; Ding et al.,
The model effectively simulated the characteristic sea-2008; He et al., 2008; Lin et al., 2009). They discussed the
sonal cycle with a peak in spring and a trough in sum-impact of regional pollution (including the effects of biomass
mer at the maritime remote sites (Mace Head, Mauna Loaburning) and the effect of monsoon circulation on the sea-
Heimaey, Trinidad Head, Angra do Heroismo, Tudor Hill, sonal changes in East AsiargOAt two of the mountain
Hedo, and Ogaswara). These spring peaks could be ursites in China (Mt. Tai and Mt. Hua) depicted in Fig. 2,
derstood as a combination of the stratospheric contributionthe peak occurred in June, followed by a small trough in
which peaks from winter to early spring, and the contribution summer, demonstrating that the two sites were strongly in-
of the inter- and intracontinental transport of @hich peaks  fluenced by continental air but that a small influence of mar-
in spring. The winter-spring peak of the stratospheric contri-itime air in summer was also discernible. Besides the intru-
bution could also be seen in previous global modeling studsion of maritime air, Lin et al. (2009) discussed the impor-
ies (Roelofs et al., 1997; von Kuhlmann et al., 2003), whichtance of increased cloud cover and rainfall associated with
showed somewhat greater stratospheric contributions thathe Asian summer monsoon on the small summer trough of
our estimations. A likely cause for the smaller stratosphericsurface Q observed at these Chinese mountain sites. In con-
contribution in our model was the smaller net flux gfftom  trast, at another mountain site in China (Mt. Huang), which
the stratosphere to the troposphere in our model (120 Tg/yrjs located farther south and closer to the ocean, the seasonal
than in previous studies<500 Tg/yr). This might be due to cycle of surface @ displayed a distinct summer minimum.
the G; data assimilated in the stratosphere in our model. TheThe model effectively simulated these features of seasonal
data was taken from the output of a stratospheric chemistryariation observed at the three mountain sites in China.
model simulation of the last couple of decades (Akiyoshi et The similar distinct summer minimum observed at Mt.
al., 2009) and represents the large decline in the lower stratoHuang could also be seen in the observations at Japanese
spheric Q in the high latitudes of both hemispheres during and South Korean sites (Rishiri, Ryori, Oki, Happo, Hedo,
early 2000s. The summer trough was associated with th&anghwa, and Cheju) since both countries lie at the bound-
summer monsoon that brings low concentrations efi®  ary region between continental and maritime air masses. The
the marine boundary layer at some East Asian sites (Hedosurface Q at these sites had a peak in spring followed by a
Ogasawara, and Srinakarin). The stratospheric contributionrough in summer and a second peak in autumn. The model
generally had a minimum in summer at most sites depictedesults at these sites showed similar seasonal variations as ob-
in Fig. 1, but at sites located in the interior of the Eurasianserved, but the magnitude of the summer troughs was gener-
continent (Mondy and Issyk Kul), the minimum of the strato- ally underestimated. Thus, the concentrations ghiOsome

spheric contribution appeared in autumn. of these sites (e.g., Ryori, Oki, Kanghwa, and Cheju) were
overestimated in summer. A similar tendency to overestimate
3.1.2 Seasonal cycles of East Asian surfaceO summertime @ around Japan can be seen in other global

model studies (Fiore et al., 2009). Fiore et al. (2009) noticed
Figure 3 illustrates the simulated seasonal megie@hcen-  that the insufficient representation of clean air in the North
trations (colors) and wind fields (arrows) at the surface inPacific High in the model was one possible cause, but the
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cause of the insufficient decline of summertime i@ our IPN-N

model remains unclear. :
For the Japanese mountainous site (Happo), the model un

derestimated the £xthroughout the year. The modeled range

of the daily mean of the surfaces@t Happo was apparently

biased toward lower concentrations o @ompared to the

observations, indicating that the model could not well rep-

resent the occurrence of highg@ays. The occurrence of

such high concentrations ofsGnight have been influenced

by polluted air from the surrounding cities, coupled with the o

detailed terrain structure and meteorology in the mountain- £ ®

Q
= 40

ous area, which could not be resolved by the coarse horizon-g =t .

S 20

tal resolution of the current model. 0f =

At the site located in the northern part of Japan (Rishiri), £’
the model underestimated the surfacgdi®©winter and spring 5o
by about 10 to 15 ppbv. Since thes@ansported from dis- £ = 0 0 2
tant regions contributed significantly in the northern part of =~ ziaissrsene b i en s T Ee e
Japan in winter to early spring as shown below, the long- - CHN-NCP
range transported £might have been underestimated. The _
introduction of the reduced dry deposition at a lower temper- E
ature had partly eliminated the underestimation, but we still §
had a discernible underestimation of the surfageirOthis ° }
region. Since anthropogenic emissions in the model (REAS £’
and EDGAR3.2 FT2000) had no seasonal variation, winter § 5
heating emissions from Northeast Asia should be underes-& 0
timated, which might play a role in the model bias during
winter and spring.

Although there were some discrepancies between the sim-£
ulated and observed surface @s noted above, our model ¢
had reasonable ability to reproduce the absolute concentra ® s
tions and seasonal variations of surfacgi@the Northern S
Hemisphere mid-latitudes, in particular in the East Asian re- gjg
gion, allowing us to analyze the S-R relationship foy i©

B 0 0 0 0
EastASla JFMAMJJASOND JFMAMJJASOND JFMAMJJASOND
B transport from E.Asian-PBL  EEE transport from outside of E.Asian-PBL """ domestic

ozone [ppbv]

transported [%)]
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@
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g

3.2 Contributions to the monthly mean East Asian Fig. 4. (Top plots of each figure) Seasonal variations of the area-
surface O3 averaged monthly mean surface @ith contributions from the
stratosphere (blue solid lines), PBL (black dashed lines), and FT
The upper plot of each figure in Fig. 4 shows the 6-year av-(black dash-dotted lines), calculated by the model. The map shows
eraged seasonal evolutions of the monthly mean surface Othe areas of averaging. (Bottom plots of each figure) Red bars in-
with contributions from the stratosphere, PBL, and FT, av-dicate the contribution (%) of §originating from the PBL in the
eraged within ten receptor areas within the East Asian refast Asian source region, green bars from outside of the East Asian
gion. We set the ten receptor areas as illustrated in the maBBL, ano_l pale blue bars from domestic pollution (see details in the
in Fig. 4: East Japan (JPN-E), West Japan (JPN-W), NortHnanuscrlpt). All values are averaged for 6 years.
Japan (JPN-N), South Japan (JPN-S), North Korea (KOR-N),
South Korea (KOR-S), Northeast China (CHN-NE), North
China Plain (CHN-NCP), Yangtze River Basin (CHN-YRB), the air pollutants; thus, it was expedient to employ these sep-
and Southeast China (CHN-SE). The separations of these réirations for receptor areas.
ceptor areas were mainly based on the climatic zone separa- We saw some mutual features in the seasonal variations
tions used in meteorological studies and statistics (e.g., Liwof surface @ over almost all the receptor areas. First, the
et al., 2005; Endo and Yasunari, 2006). The difference incontribution of the stratosphere contributed the largest pro-
the spatial distribution or temporal variation of the meteoro- portion from winter to early spring and reached a minimum
logical features (e.g., temperature, precipitation, and streanm summer. The minimum of the stratospheric contribution in
pattern) that define the climatic zone separations probabl\CHN-NE occurred later in autumn, similar to the case of the
also affected the spatial distribution or temporal variation of Eurasian continental sites (Mondy and Issyk Kul) depicted in
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Fig. 2. Second, there was a contribution of about 5-10 ppbwative contribution of FT in winter was about 20%, mostly
originating from the FT year-round with a small seasonal consisting of the @ created in the non-East Asian FT with
variation having a moderate peak from summer to autumna negligible contribution from the East Asian FT (see sup-
On the other hand, the contribution of the PBL showed dif- plemental Figure S1). In addition to these facts, the contri-
ferent seasonal variations depending on the receptor aredution of distant PBL source regions, mainly composed of
It had maxima in spring and autumn in the southern areasNorth America (AMN), Europe (EUR), the North Atlantic
(CHN-YRB, CHN-SE, JPN-S), in summer in the northern Ocean (NAT), and Central Asia (CAS), became important in
continental areas (CHN-NCP and CHN-NE), and in springthe cold season. The sum of these contributions could exceed
over most of Japan and the Korean Peninsula. 5 ppbv except for southern China, and could even be close to
The lower plot of each figure exhibits the seasonal varia-10 ppbv in CHN-NE (see supplemental Figure S2). Note that
tion of the relative contribution of transporte¢ @om out-  the contribution of EUR was largest in early spring (May)
side of each receptor area. Red bars for each receptor aréa most areas whereas that of AMN was largest in winter.
display the ratio between the totak@ixing ratio and the  Such a difference in the seasonal dependencies of the con-
sum of the mixing ratios of @tracers assigned to the PBLs tributions was consistent with the previous estimation of the
of East Asia and adjacent source regions (CHN, KOR, ECSjmpact from European and North American emission sources
JPS, JPN, IDC, and ESB) except the source region includen the @Q concentration in Japan using the emission sensitiv-
ing that receptor area. For example, in the case of JPN-Nity method (Wild and Akimoto, 2001; Wild et al., 2004). In
the summation excluded the PBL of Japan (JPN). Note thatvinter, low temperatures and weak ultraviolet (UV) radia-
for JPN-S, the exception from the summation is not JPN buttion from the sun extended the chemical lifetime of &
ECS because the receptor area of JPN-S is located inside thkat O3 created in distant source regions could survive the
source region of ECS. Green bars indicate a similar ratio, bufourney to East Asia. Furthermore, the Siberian High estab-
the sum was taken over thes@acers that were assigned lished over Eurasia in winter offered an efficient pathway to
to outside of the PBLs of East Asia and the adjacent sourcesuch G from Europe to Asia (Wild et al., 2004).
regions. In brief, the red bars for a receptor area indicate In contrast, in the warm season (April to September), the
the percentage of £originating from the PBL of source re- contribution of the @ produced in source regions in the
gions in East Asia. Strictly, they include the contributions East Asian PBL (including domestic pollution) became large
from non-East Asian source regions (IDC, ESB) and excludewhile the influence from outside of the East Asian PBL de-
the contribution from the PBL source region including that creased. The ©created in the East Asian PBL accounted
receptor area, but we refer to them as the East Asian confor about half of the total @in spring and up to about 70%
tribution for the sake of clarity. The green bars indicate thein summer for areas other than CHN-NE and JPN-S. In sum-
percentage of @created outside the PBL of the East Asian mer, the relative contribution of the PBL outside East Asia
region, including the FT and stratosphere as well as distantiecreased to less than 16%, lower than that of the FT in most
source regions such as Europe or North America, and transreceptor areas. The relative contribution of the FT in sum-
ported from there. Therefore, the sum of red and green barmer varied by area, ranging from about 12 to 35% with at
for a receptor area indicate the percentage pfr@nsported least one third of it to, in some cases, half of it, originat-
from all foreign source regions, and consequently the spacéng from the East Asian FT (see supplemental Figure S1).
between the top of green bars and the top transverse, which Buring the warm season, strong UV radiation activated the
shown in pale blue, denotes the percentage pt@ated in  photochemical reactions relevant to both the formation and
the PBL source region including that receptor area, referredlestruction of @ in the atmosphere so that vigorous chemi-
to hereafter as domestic pollution. cal production of @Qtook place, but its chemical lifetime also
As shown in Fig. 4, contributions of £Xransported from  shortened, indicating that{d@roduced in distant regions was
outside of the East Asian PBL became large in the cold seamostly lost before reaching the East Asian region. However,
son (October to March) and accounted for over 70% of thea large amount of @could have been created inside the East
total Oz in winter, except in the southern part of China (CHN- Asian region and was subject to short range transport such
YRB, CHN-SE). In the southern part of China, half of the as intracontinental transport inside East Asia before it was
total O3 was chemically produced in the PBL of the CHN chemically lost from the atmosphere.
source region, i.e., domestic pollution, even in winter, butin  Figure 5 show the seasonally averaged relative contribu-
northeast China (CHN-NE), over 80% of the total @as  tions from each source region for spring and summer when
transported from outside of the East Asian PBL, and domesthe contributions of @chemically produced inside East Asia
tic pollution accounted for less than 10% in the same seasonwere generally large. Several contributions with common
In the cold season, contributions of the stratosphere and théeatures were grouped: ASea (Adjacent Sea) is the sum of
FT were generally large. In particular in winter, the largest NPC, JPS, and ECS; IDC+ is the sum of IDC and IND; and
part of the Q originating from outside the East Asian PBL RMT (ReMoTe) is the sum of AMN, EUR, CAS, MES, and
was due to the stratosphere, and the second largest was tINAT. The contributions of the East Asian source regions,
contribution from the FT in every receptor area. The rel- including domestic pollution, and those of source regions
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relative contribution from RMT was 12.7% in JPN-E+W and
12.9% in KOR and ranged from below 5% in CHN-SE to
20.9% in CHN-NE. The contributions from the stratosphere
were almost halved in every receptor area in summer. Those
from RMT underwent a greater reduction from spring to
summer of over 50% in every receptor area. The relative
contribution of the FT was generally larger in summer than
in spring, but in some areas, part of this increase should be
attributed to the reduction of the totag@om spring to sum-
mer, and the absolute contribution was nearly the same, as
seen in the upper plots of Fig. 4.

The relative contribution of CHN to KOR and JPN-E+W
was similar in both seasons: around 20% and 10% for KOR
and JPN-N+W, respectively. The Korean contribution to
JPN-E+W was about 6% in spring and less than 5% in sum-
mer. The combined relative contribution of CHN and KOR
to JPN-E+W in spring, 17.8% as shown in Fig. 5, approxi-

: ‘ o BE mately corresponded to 10 ppbv, consistent with the previous
0 . . . . .
CHN-NE CHN-NCP CHgét:Z?)to(i'-'A'\:éSaE KOR  JPN-E+W estlmathn of rgglonal ®buildup due tq Chinese and Korean
sources in spring around Japan (Tanimoto et al., 2005). Due
to the dominance of westerly winds, westward transport of

Fig. 5. Seasonal mean relative contribution (%) from source regions

to receptor areas in East Asia for spring (top) and summer (bottom).03 was limited in spring; consequently, the contribution of

Values are calculated by dividing the seasonal mean contributiod”N 10 KOR or those from JPN and KOR to each receptor
(ppbv) from each source region by the seasonal mean tatéd0 ~ area in China were generally small in spring. In summer,
each year and averaging for 6 years. Contributions greater than 5%1€ wind direction had no apparent preference for westerly
are shown on the bar charts. Six year averaged seasonal mean towtinds as shown in Fig. 3; thus, the westward transport of
O3 values for each receptor area are shown next to the bar chart3 occurred somewhat more frequently than in spring. As
For the source regions: ASea (Adjacent Sea) is the sum of NPCa result, the contributions from JPN to KOR and from KOR
JPS, and ECS; IDC+ is the sum of IDC and IND, and RMT is the tg CHN-NCP accounted for 5.2% of the totag @ sum-
sum of AMN, EUR, CAS, MES, and NAT. For the receptor areas: mer, There were also relatively large contributions of ASea
JPN-E+W is the sum of JPN-E and JPN-W, and KOR is the sum ofto JPN-E+W and KOR in both seasons. The precursors of
KOR-N and KOR-S. ASea @ would be originally emitted in the surrounding land
area such as China, the Korean Peninsula, or Japan since
. . , __there are no large emitters in the ocean. In this sense, these
outside of the East Asian PBL were comparable in spring, o itime contributions should be apportioned to the emission

especially in central Japan (JPN-E+W), the Korean Penin'sources on land, and we have to carefully interpret the results.

s#lal (KOR)’ ;md CHN-NCP while the former well exceeded The contributions from East Asian source regions other than
the latter in the summer. _ ASea presented in Figures 4 and 5 and supplemental Table S1

In every receptor area other than CHN-NE, domestic pol-should be considered as the minimum estimations of the con-
lution was the principal contributor to the tota@ spring,  tributions for each source region.

providing 21.5% in JPN-E+W, 22.8% in KOR, 40.2% in  The relative contribution from East Siberia (ESB) was
CHN-NCP, and almost half of the totalgm the southern genera”y |arge in the northern areas. In CHN-NE, it ac-
part of China (56.4% and 48.2% in CHN-YRB and CHN- counted for about 10.3% and 11.6% of the totgli®spring
SE, respectively). In summer, the share of domestic pollu-and summer, respectively. The contribution from ESB to
tion increased in every receptor area. The share was almogtHN-NE peaked in May 8 ppbv) and remained almost
doubled from spring to summer in JPN-E+W (42.2%), KOR constant at about 5 ppbv in summer as seen in Fig. S2. In
(38.4%), and CHN-NE (34.5%), making the domestic con-other areas, the relative contribution from ESB was gener-
tribution dominant, even in CHN-NE. ally larger in spring than in summer. In southern areas in East
The springtime stratospheric contribution was around 20%Asia, the Indochina Peninsula and the Philippines (IDC) and
in JPN-E+W and KOR and demonstrated an apparent deperindia (IND) provided significant contributions in the warm
dence on latitude in China; its relative contribution increasedseason. They shared 17.0% of the totgli@ CHN-SE and
from south (10.8% in CHN-SE) to north (26.6% in CHN- nearly 5% in CHN-YRB. In JPN-E+W, relative contributions
NE). We saw a similar tendency for the springtime relative both from ESB and IDC (+IND) accounted for at most 4%
contribution of RMT, but its contribution was somewhat less each year even in the warm season. However, their contri-
than that from the stratosphere in all receptor regions. Thebutions were quite large in JPN-N and JPN-S; the relative
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Table 2. Coefficient of variatiofi (%) from the source regions to the receptor areas in East Asia averaged in spring (March-April-May) and
summer (June-July-August).

\ Receptor Area

JPN KOR CHN
N E W S N s NE NCP YRB SE
JPN 124 37 6.6 250 379 343 | 259 265 463 516
CHN 132 184 154 104 161 200 |38 108 58 64
KOR 187 155 88 162 63 7.2 56 248 350 336
ASed 87 58 75 6.6 123 86 148 78 115 17.6
Z ESB 120 129 142 184 106 139 |92 141 244 339
S IDC+P 76 60 79 200 79 53 120 149 218 97
RMTP 35 36 101 105 43 7.0 28 83 135 140
MISC 111 74 65 54 6.5 5.7 556 76 55 109
S FT 43 29 53 47 34 48 33 55 51 54
§ STR 84 103 85 63 94 100 |85 95 96 7.8
8 TOTL |45 20 29 36 35 30 1.6 29 33 44
(c/%) JPN 116 70 129 53. 131 146 | 304 158 621 808
CHN 220 287 284 27. 16.6 186 |65 76 7.7 101
KOR 255 193 221 643 44 95 17.4 109 429 927
ASed 83 80 52 91 11.0 6.8 262 147 298 448
« ESB 303 322 369 55. 283 225 | 100 154 169 430
3 IDC+P 248 151 206 12 250 193 |94 167 237 169
RMTP 127 64 107 14 91 134 |68 42 122 113
MISC 19.7 154 82 11 122 9.2 156 11.7 109 17.2
FT 66 43 67 6.1 82 6.1 74 56 24 41
STR 95 34 77 79 7176 48 49 92 134
TOTL |38 53 17 39| 50 50 |36 51 61 58

@ Coefficient of variation is the standard deviation among the annual contributions divided by the 6-year averaged contribution and multiplied
by 100.

b ASea (Adjacent Sea) is the sum of NPC, JPS, and ECS; IDC+ is the sum of IDC and IND; and RMT (ReMoTe) is the sum of AMN, EUR,
CAS, MES, and NAT.

contribution from ESB to JPN-N was about 7% in spring, and ation in meteorology was the main cause of that in the S-R
that from IDC (+IND) to JPN-S accounted for about 13% in relationship. This result was also consistent with the findings
summer. by Kurokawa et al. (2009), which showed that the interan-
Table 2 summarizes the interannual variations of the S-Rnual variations of springtime £ver Japan were largely con-
relationship for surface ©in East Asia and shows the co- trolled by the variation in meteorology during the last couple
efficients of variation of the seasonal means during the sixof decades by using the same anthropogenic emission data as
years rather than the standard deviations. Because the seased in this study (REAS) with a regional chemical transport
sonal means for spring and summer could differ considerimodel.
ably, the standard deviation was not a good indicator of the The relative interannual variations of the contributions
interannual variation of the seasonal means. from source regions in East Asia to Japan were generally
As the anthropogenic emission data in Asia (REAS) usedarger in summer than in spring. This is likely due to the
in this study had interannual trends, it could play a role in theseasonal difference in the meteorological conditions around
interannual variation of the S-R relationship. However, theJapan that transportddrom the East Asian source regions
main contributor would be the interannual variation in the to Japan.
meteorological conditions. We checked this factor by per- The relative interannual variations in the contributions
forming an additional experiment with P and L fixed at the from RMT, FT, and STR to each receptor area in East Asia
year 2000 but with interannually varied meteorology. The re-were generally smaller than those in the contributions from
sulted interannual variation of the S-R relationship was simi-East Asian source regions. The coefficients of variation of
lar to the current results, suggesting that the interannual varithe seasonal mean contributions from RMT, FT, and STR
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were lower than 15% for spring and summer as well as in 150 gy OPS(AEROS) . Model (CHASER)
autumn and winter (not shown), demonstrating that regions 1
outside of East Asia supply a steady amount gfe@ch year ot
to the East Asian region, which forms a baselingf@ East g 110
Asia.

The results from this study could be compared with the
recent coordinated international effort focused on the in-
tercontinental transport of air pollutants under TF HTAP £ ®
(Keating and Zuber, 2007; Fiore et al., 2009). Over 20 =
global scale chemical transport models participating in the

HTAP model intercomparison performed a set of coordi- ottt g

. i ) i JFMAMJJASOND JFMAMJJASOND
nated model simulations that included a standard experimen T T e e ——— (701
with unperturbed emissions ofsQprecursors, correspond- o1 Mg B " 100

ing to the year 2001, and four perturbed experiments with o o
20% reduction in anthropogenic emissions from East AsigFig- 6. Seasonal variations of the frequency distributions (FD) of
(95° E-160 E, 15 N-5° N), Europe (10 W=50" E, 25 N— daytime (10:00-16:00) hourly surface;©ver Japan calculated by

o . 3 N use of observations from the Atmospheric Environmental Regional
giul:ﬂ ’A'i?;t?sgénfggaE (?i‘\i\;;i;/vl ;Sotr’:le SHS_;A\BW?::: Observation System (AEROS) (left) and model calculations (right).

. - o White dotted lines connect the modes of the FDs of each month
comparison employed the emission sensitivity approach tqyigge line). Monthly FDs are calculated for each year first and then

quantitatively estimate the intercontinental transport betweenyyeraged to be shown as 6-year averaged monthly FDs.
these four regions. Fiore et al. (2009) showed the annual and
seasonal mean contributions of Europe and North America

to East Asia in their Figure 11 by taking the difference of ) )
the calculated @ between the standard and perturbed ex- We used the hourly surfaces@ata observed at ambient air

periments and multiplying it by 5. The median values of duality monitoring stations from 2000 to 2005, compiled by
the contribution of Europe to East Asia among the HTAP the Atmospheric Envwonr_nentaI_Reglonal Observation Sys-
models shown in that figure were about 1.2, 1.1, 1.9, 0.5€M (AEROS), for comparison with the model results. About
and 1.3 ppbv for a year, winter (DJF), spring (MAM), sum- 1,000 monitoring stations are widely distributed throughout

mer (JJA), and autumn (SON), respectively, while those ofJapan except in the southern i§lands. The monitoring data
North America to East Asia were about 1.2, 1.7, 1.4, 0.5, andV€'® averaged in each model grid over Japan; thus, extremely

1.2 ppbv in the same order. The corresponding contributior!i9h ©r low G values in the raw data were smoothed out.

values of European sources to East Asia from this study esSNce the horizontal resolution of our modeiZ00 km) was

timated by using the same horizontal definition of the East"0t finé enough to simulate the dissipation of & night-
Asian receptor region as that of the HTAP intercomparisontime due to the NO titration in the ambient atmosphere, the
were 1.3, 1.6, 1.7, 0.5, and 1.5 ppbv, and those of the Nortfnodel overestimated the nighttime @ixing ratio in urban

American source were 1.0, 1.5, 1.1, 0.3, and 1.3 ppbv. Théireéas. Therefore, we selected monitoring data obtained dur-

contribution values of each source region to East Asia esinNd the daytime, from 10:00 to 16:00, in residential (not mid-

timated by our model demonstrated consistent seasonal déirban or industrial) areas for appropriate comparison with
pendencies with those in the HTAP models and fell within (€ model results. Only daytimes@alculated by the model
the spread of the HTAP model estimations. was used for the comparison.
The ridge line of the FD in the observation was the great-
3.3 Hourly mean surface G over Japan: validation and est (40-50ppbv) in spring and decreased to 20-30 ppbv
features in summer, consistent with the seasonal variation of the

) ) ) ) ] monthly mean surface £observed at Japanese monitoring
Since the current national Ambient Air Quality Standard gjtes shown in Fig. 2. The range of the FD extended to-

(AAQS) for O in Japan (60 ppbv) is provided by the hourly \yarq higher concentrations in summer; thus, the distribu-
mean concentration of ) we placed special focus on the (jon \as wider in summer than in spring. In summer, the
hourly mean model output of the surfacg.CFIQUfe. 6.com— ridge of the distribution was lowest, but the frequency of the
pares the simulated and observed seasonal variations of the..,-rence of a high surfaces@nixing ratio, such as over
frequency distribution (FD) of the hourly mean surfacg O gq nppy, also increased. As mentioned before, since Japan is
over Japan. Note that these frequencies are area-averagqgiqely affected by the intensified North Pacific High in sum-

frequencies in each model grid are summed to calculate the,qor the frequency of observations of low concentrations of
total frequency in all model grids over Japan and then dividedq, from clean maritime air is increased. However, with the

by the number of model grids to form the area-averaged fre1, o<t active photochemical productivity of@lso in sum-
quency. mer, high concentrations of{@ould also be produced if the
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meteorological conditions become so stable that the precur- 0_20 40 60 80 0_20 40 60 80 0 20 40 60 80 0_20 40 60 80
sors of @ accumulate and fuel £production in urban areas. Nl HIE- - HEll
Similar to this observation, the mode of the FD in the Egz Hlﬁ 13 B :ﬁ
model results was the largest concentrations (50-60 ppbv) ingASea HEH [Thozre] ((BH  [Thozone] (1  [Thozone] b 1h ozone
spring, and the range of the FD in the model extended to- JIJESBH [ppbv] [ppbv] [ppbv] [ppbv]
ward high Q concentrations from the beginning of the year EEJTE: B ® "
to May. In summer, the mode of the FD in the model de-  wisch
creased compared to that in spring, similar to the observa- | {tH th ] ¥
tions, but only by 10 ppbv, which was consistent with the ~ *~[/® | @& [® (¥ . ..
overestimation of summertimes0n some Japanese obser- 920 40 c0 80 L%" oRE ‘sz’ RN OH 204008
. f . . . . JPN

vation S|tes_ depicted in Fig. 2. Itis apparent that the.model o | g - e oy
could not simulate the occurrence of high concentrations of  or s} IR g HEH
Os over 110ppbv in summer and low concentrations less  asea| HEH #1  [ihozone] |1 [Thozgne|[H  [Thozone

i i EsB pbv] | | loobv] | loobv] | [ppby]
than 20 ppbv in non-summer seasons. The coarse horizon & (e

: . < IDC+ b 3

tal resolution may be a cause of the lack of high&ents Rt [ g it B
in summer because very dense accumulationssoh@rban mISC # b p
areas could not be resolved adequately by the 200 km grid SFTTR @ % ”ﬁi H
spacing. The model fails to simulate the lowey @ncentra- Ll

| 1 I Loaleaalnl Lovaluaalanl
0 20 40 60 80 O 20 40 60 80 O 20 40 60 80 O 20 40 60 80
IRARERRRERARE IRRANRAREREAN IRARS RARE RARE AR RRRERARE |

tions in non-summer seasons despite limiting the comparison [ [ #

to daytime Q. Among the observations, very lows@less cnn | B . . -l T
than 20 ppbv) in daytime typically occurred in the morning  «or¢ - b

and the evening as a transitional stage between the night g“sse;t *h 1 ozone E 1hpzgne 1hozone
time depleted @and the afternoon maximum. The depleted 3 .c.{ S S (oe0] (opt)
nighttime G can be observed even in the residual areas. TheSrur| Hil EH i B

daytime setting from 10:00 to 16:00 caught this very low O *iscf # b To.
in the morning in the observations. Since the model could " @@ HE:m HEHW @ o s |
not adequately simulate the nighttimg @epletion, the very O e e e o s
low Oz in the morning in the transitional stage also could not contributions from each source region for MAM [%]

be simulated with the model.

Although the model could not represent the extremely highFig. 7. The hourly relative contributions (%) to the totag@om
Oz event in summer or the low43n the morning because of source regions to central Japan (top), the Korean Peninsula (mid-
its coarse horizontal resolution, the intermediate range thagle), and the North China plain (bottom) for spring (MAM). The
accounts for a |arge part Of the FD Of the hourly @uld be box-and-whisker plOt represents the 10th, 25th, 50th, 75th, and 90th
reasonably simulated with the model. The sufficient hourspercentiles of the hourly relative contributions from each source re-
of occurrence of hourly @over 60 ppbv (Japan's AAQS for gion d_uring the entire 6 year period of calcu_lation, a_nd t_he black
03) in the model made the analysis of the model's hourly filled circle shows the mean of the hourly relative contributions dur-

. ing the period. All statistics are separately computed for four differ-
data worthwhile. Thus, we further analyze the hourly data,; . |asses of total § low (0—30 ppbv), middle (3060 ppbv), high

below. (60—-90 ppbv), and extra-high-00 ppbv)

3.4 Contributions to the hourly mean surface G

Figure 7 shows the hourly relative contributions from eachthe S-R relationship for ©could vary considerably hour by
source region in spring, calculated separately for four classe80Ur- However, because we intend to discuss the general fea-
of hourly mean total @ low (0-30ppbv), middle (30— tgres of the S—R relationship forgdn each Q class and ely—

60 ppbv), high (60-90 ppbv), and extra-high0 ppbv) con- cidate the dlﬁereqces between.thg Classes, we describe
centrations of @, for highly populated receptor regions in thefeatures and dlﬁergnces ma}lnly based on the mean or me-
East Asia at a similar latitude. We calculated the hourly rel-dian of the hourly relative contributions hereafter.

ative contributions by dividing the hourly absolute contribu-  These plots should be compared to the upper plot of Fig-
tions from each source by the hourly totad. Brigure 7 shows  ure 5 that also shows the relative contributions from each
the mean and the 10th, 25th, 50th, 75th, and 90th percentilesource region in spring but calculated using the monthly
over the entire 6 year period of calculation. The ranges frommean absolute contributions. For three areas shown in
the 10th to the 90th percentile for several sources were fairlyFig. 7, this “mean” S-R relationship for{lepicted in Fig. 5
large, often exceeding 30% for the leading sources in pariargely reflects that of the middle (30—60 ppbv) and high (60—
ticular, indicating that the hourly relative contributions from 90 ppbv) G classes while the S-R relationships fos i@ the
those source regions could vary considerably. In other wordslow (0—30 ppbv) and extra-high-@0 ppbv) Q classes were
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fairly different from the mean S-R relationship. The relative ferent. In general, the contribution of domestic pollution in-
contribution from domestic pollution became increasingly tensified, and those of the STR and RMT declined for every
dominant in the higher gxlasses. In the extra-highs@lass,  Os class.
the relative contribution of domestic pollution roughly ac-  For the class of @over 60 ppbv (Japan’'s AAQS), domesti-
counted for 50%, 50%, and 70% of the tota) i@ JPN-E+W,  cally produced @provided the principal contribution in both
KOR, and CHN-NCP, respectively. In the long®@lass, do-  the high and extra-high $classes to central Japan (JPN-
mestic pollution was no longer the principal component of E+W). Table 3 summarizes the mean absolute and relative
surface @ in every receptor area; instead, large contribu- contributions from each source region to central Japan in the
tions originated from source regions that did not have leadinghigh and extra-high @classes in spring and summer. The
contributions in the mean S-R relationship fog.OThe in-  domestic contribution was smaller in the high @ass than
fluences of ASea and FT became predominant in JPN-E+Whn the extra-high @ class during both seasons. In contrast,
whereas ASea and JPN had greater contributions than in thihe relative contributions from foreign sources were gener-
mean S-R relationship in KOR. In CHN-NCP, the mean andally greater in the high @class than in the extra-highzO
median of the domestic contribution were overtaken by thoselass, reflecting the fact that the absolute contribution from
of RMT or the stratosphere in the lows@lass. each foreign source remained rather constant between both
The S-R relationship for @among the three main East Oj classes in each season. The approximate numbers of the
Asian countries could vary according to the rank of. O absolute contribution from leading foreign sources were as
The mean relative contribution from CHN to JPN-E+W was follows in spring and summer, respectively: CHN (10 ppbv,
around 10% in every class ofzQwith the 10th—90th per- 8 ppbv), KOR (5 ppbv, 6 ppbv), ASea (5 ppbv, 5 ppbv), RMT
centile of the relative contribution ranging from a couple of (6 ppbv, 2 ppbv), FT (7.5 ppbv, 7.5 ppbv), and STR (10 ppbyv,
percents to about 20% (up to 30% in the highdass). On  5ppbv). These model results suggested that the impact of
the other hand, the relative contribution from KOR was al- foreign sources on Japan's AAQS was the most critical in the
most negligible in the low @class, but its range of distribu- high Oz class (60-90 ppbv) in spring. For the samgdlass
tion widened in the higher §classes, and the relative con- in summer, absolute contributions from East Asian foreign
tribution occasionally exceeded 10% in the middlgalass,  sources were nearly the same as in spring, and those from
reaching almost 20% in the highz@lass. The contribution the intercontinental transport (RMT) and the stratosphere de-
of CHN to KOR was large and comparable to that of domes-creased relative to spring.
tic pollution in the low and middle ®classes. In the high
Ogs class, CHN had a large influence on KOR; the 10th—90th
percentile range of the relative contribution from CHN and 4 Summary and conclusions
that from domestic pollution overlapped considerably. In the
extra-high Q class, the contribution of CHN to KOR was In this study, we quantitatively estimated the proportion of
generally larger than that to JPN-E+W. Since CHN-NCP issurface @ over several receptor areas in East Asia that is
located upwind of Japan and the Korean Peninsula in springattributable to source regions in the global atmosphere, i.e.
the influences of those regions on CHN-NCP were generalljthe S-R relationship for surfacesOn East Asia, for the
small with an occasional large contribution from KOR in the early 2000s through a multiyear simulation using the global
middle and high @ classes. Therefore, for CHN-NCP, the chemical transport model CHASER with the tracer tagging
contribution of RMT, which included central Asia (CAS) lo- method. We investigated the S-R relationship for surfage O
cated upwind of China, was the second largest among thé East Asia with special focus on the role of intracontinental
source regions in the PBL after the PBL of CHN. transport of @ within East Asia as well as the transport of
The relative contribution of RMT to CHN-NCP gradually Os from distant regions. The differences in the S-R relation-
decreased as the class of i@creased, but the absolute con- ship for Gz in different classes of hourly £concentrations
tribution stayed approximately constant at 6-8 ppbv in ev-were also discussed.
ery Oz class. Similarly, the absolute contributions of the FT ~ We evaluated the modeled surfacgt®rough comparison
and STR were 5-8 ppbv and 9-11 ppbv, respectively. Notewith observations over an extensive longitudinal range in the
that the absolute contributions of RMT, FT, and STR to JPN-Northern Hemisphere mid-latitudes. The model well simu-
E+W and KOR were very similar to those to CHN-NCP ex- lated several characteristic seasonal variations of surface O
ceptin the low @ class. We also saw the similarities among such as the broad summer peaks at inland mountainous ar-
the absolute contributions of the RMT, FT, and STR to theseeas and the spring peaks and summer minimums at the re-
East Asian receptor areas in other seasons, demonstratingote maritime sites. Although there were some quantita-
that such source regions outside of East Asia provided a basdive problems with as yet unidentified causes at several sites,
line for Oz in East Asia year-round. the model properly reproduced the regional differences in the
Similar features of the relative contributions from each seasonal transitions of surfacg @ East Asia.
source region in each class of @ere evident in summer Our simulation demonstrated the significant seasonal dif-
although the respective values of the contributions were differences in the origin of surfaces0n East Asia. Q@
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Table 3. The mean hourly contributions from source regions to central Japan (JPN-E+W) in the Hh{§8-D0 ppbv) and extra-high{0
(>90 ppbv) classes for spring (MAM) and summer (J9A)

‘ Mean contribution from source regions to central Japan, ppbv (%)

\ MAM \ JIA

Regions | 60-90 > 90 \ 60-90 > 90
JPN 19.8 (29.0) 47.4 (50.8) | 346 (50.5) 55.9 (59.8)
CHN 91 (136) 11.0 (11.8) | 7.6 (11.1) 89 (9.6
KOR 51 (7.6) 52 (5.6) 51 (7.4) 7.1 (7.6)
ASea 52 (7.7) 46 (4.9 54 (8.0 47 (5.1)
ESB 1.5 (22 19 (2.1 08 (11) 1.0 (1.0
IDC+ 05 (0.7) 02 (0.2 08 (1.3) 04 (0.5)
RMT 6.8 (10.3) 53 (5.7) 1.8 (27 22 (24
MISC 1.1 (7)) 10 (1.1 07 (1) 0.6 (0.7)
FT 72 (10.8) 75 (8.1) 75 (11.1) 7.6 (8.1)
STR 10.8 (16.4) 9.1  (9.8) 40 (5.8) 50 (5.3)

@Values are given in ppbv.
b vialues in brackets denote relative contributions in %.

transported from outside of the East Asian PBL with lead- We showed the difference in the S-R relationship far O
ing contributions from the stratosphere, free troposphere, Euestimated separately according to the class of the hourly to-
rope, North America, North Atlantic, and Central Asia ac- tal O3 concentration in spring. In everys&lass except the
counted for the largest portion of surfacg @ver 70%) in  lowest (<30 ppbv), domestic pollution was the main contrib-
winter, except in southern China. In contrast, the sharesof O utor and its share increased in the higher dlasses: over
created in East Asia reached 50% in spring and further in-50% in the extra-high ©class &90 ppbv). The mean rela-
creased to around 70% in summer in most areas of East Asidive contribution to central Japan from China was about 10%
The main component of this{Ovas domestic in origin, ac- for every class of @, but that from the Korean Peninsula be-
counting for over 20% and 40% of the totag @ the spring  came significant only for the middle and higheg €lasses
and summer, respectively, in most areas. We estimated thé-30ppbv). We estimated that China had a large impact,
relative contribution of China to Japan and the Korean Penin-almost comparable to domestic pollution, og €ncentra-
sula to be about 10% and 20%, respectively, and the Koreations in the Korean Peninsula except for the extra-high O
contribution to Japan was around 5% in the warm seasonclass 90 ppbv). In contrast, China received relatively little
The contribution from East Siberia to Northeast China ac-Os from Japan or the Korean Peninsula in spring. Sources
counted for about 10%, and that from the Indochina Penin-outside of the East Asian PBL, including the stratosphere,
sula to Southeast China was about 17%. The relative confree troposphere, Europe, North America, North Atlantic,
tribution of intercontinental transport from distant sources inand Central Asia, contributed steady amounts gt®East
spring was the greatest in Northeast China (21%) and abouAsia for every Q class during each season, constituting the
13% in the Korean Peninsula and Japan. The interannual difbaseline @ in East Asia. The model results suggested that
ference in this S-R relationship forzQvas generally small  the impact of such foreign sources on Japan’s AAQS was the
for distant sources<{15%) but was sometimes large for East most critical in the high @class (60—90 ppbv) in spring.
Asian sources, particularly during summer.

We analyzed air quality monitoring data over Japan toSupplement related to this article is available online at:
demonstrate the seasonal variation of the frequency distribuhttp://www.atmos-chem-phys.net/10/11305/2010/
tion of the hourly mean surfacezOThe most frequently ob-  acp-10-11305-2010-supplement.pdf
served @ concentration was 40-50 ppbv in spring, decreas-
ing to 20-30 ppbv in summer. The frequency of occurrence
of extra-high @ (over 90 ppbv) increased in summer, making AcknowledgementsiVe thank two anonymous reviewers for their
the range of the frequency distribution wider in summer thanhelpful comments. This research was supported by the Global
in spring. The model could not thoroughly simulate all theseEnvironment Research Fund (C-081 and S-7) by the Ministry
observed features in the frequency distribution, but some opf the Environment (MOE), Japan, and the Asian Environment

them, inc|uding the h|ghest mode value in Spring, were rep_ResearCh Program at the National Institute for Environmental
resented in the model. Studies (NIES). We would like to acknowledge the entire staff of
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